S
ince the launch of Sputnik I, space activities have created an orbital debris environment that poses increasing impact risks to existing space systems, including human space flight and robotic missions (1, 2). Currently, more than 9000 Earth-orbiting man-made objects (including many breakup fragments), with a combined mass exceeding 5 million kg, are tracked by the U.S. Space Surveillance Network and maintained in the U.S. satellite catalog (3) (4) (5) . Three accidental collisions between catalogued objects during the period from late 1991 to early 2005 have already been documented (6) , although, fortunately, none resulted in the creation of large, trackable debris clouds. The most recent (January 2005) was between a 31-year-old U.S. rocket body and a fragment from the third stage of a Chinese CZ-4 launch vehicle that had exploded in March 2000.
Several studies conducted during 1991-2001 demonstrated, with assumed future launch rates, the potential increase in the Earth satellite population, resulting from random, accidental collisions among resident space objects (7) (8) (9) (10) (11) (12) (13) . In some low Earth orbit (LEO) altitude regimes, where the number density of objects is above a critical spatial density, the production rate of new debris due to collisions exceeds the loss of objects due to orbital decay.
LEGEND (LEO-to-GEO Environment Debris model), is a highfidelity three-dimensional physical model developed by the U.S. National Aeronautics and Space Administration (NASA) that is capable of simulating the historical environment, as well as the evolution of future debris populations (14, 15) .
The LEGEND future projection adopts a Monte Carlo approach to simulate future onorbit explosions and collisions (16). A total of 50 (17), 200-year future projection Monte Carlo simulations were executed and evaluated, under the assumptions that no rocket bodies and spacecraft were launched after December 2004 and that no future disposal maneuvers were allowed for existing spacecraft (few of which currently have such a capability) (18).
The simulated 10-cm and larger debris populations in LEO (defined as the region between altitudes of 200 and 2000 km) between 1957 and the end of a 200-year future projection period indicate that collision fragments replace other decaying debris (due to atmospheric drag and solar radiation pressure) through 2055, keeping the total LEO population approximately constant (see chart, above). Beyond 2055, however, the creation of new collision fragments exceeds the number of decaying debris, forcing the total satellite population to increase. An average of 18.2 collisions (10.8 catastrophic, 7.4 noncatastrophic) would be expected in the next 200 years (19, 20) .
A detailed analysis indicates that the predicted catastrophic collisions and the resulting population increase are nonuniform throughout LEO (see chart on page 341, top left). About 60% of all catastrophic collisions occur between 900-and 1000-km altitudes. The number of objects 10 cm and larger triples in 200 years, leading to a factor of 10 increase in collisional probabilities among objects in this region (see chart on page 341, top right). This population growth is due to higher spatial densities, larger and more massive rocket bodies and spacecraft with near-polar inclinations, and longer orbit decay times in this region as compared with other parts of LEO.
The current debris population in the LEO region has reached the point where the environment is unstable and collisions will become the most dominant debris-generating mechanism in the future. Even without new launches, collisions will continue to occur in the LEO environment over the next 200 years, primarily driven by the high collision activities in the region between 900-and 1000-km altitudes, and will force the debris population to increase. In reality, the situation will undoubtedly be worse because spacecraft and their orbital stages will continue to be launched. Postmission disposal of vehicles (for example, by limiting postmission orbital lifetimes to less than 25 years) is now advocated by the major space-faring nations and organizations of the world, including NASA (21), the Department of Defense, the Department of Transportation, and the Federal Communications Commission in the United States; the Inter-Agency Space Debris Coordination Committee (22); the European Space Agency (23); and the Japan Aerospace Exploration Agency (24). Postmission disposal will slow down the growth of future debris populations (25). However, this mitigation measure will be insufficient to constrain the Earth satellite population. Only remediation of the near-Earth environment-the removal of existing large objects from orbit-can prevent future problems for research in and commercialization of space.
For the near term, no single remediation technique appears to be both technically feasible and economically viable. Electrodynamic tethers or drag enhancement structures could rapidly accelerate the orbital decay of decommissioned spacecraft and rocket bodies, but attaching such devices to the satellites with conventional robotic means would incur excessive costs for the benefit gained. Even if a single remediating vehicle carried several deorbiting packages within the same altitude and inclination, the energy requirements to visit multiple target spacecraft would normally be high due to differences in target orbital planes (26, 27).
The placement of ion engines on the satellites in order to direct them back to Earth would have the same problems as the previously mentioned strategies and, in addition, would require significant, long-term power and attitude control subsystems. Current manned spacecraft cannot reach the key orbital regimes above 600 km and are even more expensive than robotic missions. The use of ground-based lasers to perturb the orbits of the satellites is not now practical because of the considerable mass of the satellites and the consequent need to deposit extremely high amounts of energy on the vehicles to effect the necessary orbital changes.
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